Three-dimensional ordered macroporous Ni films, known as Ni inverse opals, are fabricated via a template approach in which polystyrene (PS) microspheres (820 nm in diameter) are assembled in closely-packed colloidal crystals via a vertical electrophoresis process, followed by electroplating of Ni into the interstitial voids within the colloidal crystals and the selective removal of PS microspheres. To improve its mechanical strength, a conformal Ni-Co layer (45 ∼ 64 nm) is electrodeposited on the skeletons of the Ni inverse opals by cyclic voltammetry. After coating, from nano-indentation tests, the hardness and reduced elastic modulus are enhanced considerably (172 ∼ 220% for hardness; 72 ∼ 79% for reduced elastic modulus), as compared to those of pristine inverse opals. After an annealing treatment for the interdiffusion of Ni and Co, the sample reveals an even stronger hardness. X-ray diffraction patterns indicate that the finite thickness of the inverse opals skeletons induces preferential growth of the (111) plane. In short, a combined effect of solid solution alloying, thickening of inverse opals skeletons for greater load bearing, and a predominant (111) plane is responsible for the improved mechanical strength of the Ni inverse opals.
Three-dimensional ordered macroporous materials (3DOMs) have attracted considerable attention over several decades for their promising potentials in various applications such as photonic crystals, batteries, catalysis, and sensors. [1] [2] [3] [4] [5] [6] In general, these 3DOM structures are fabricated via a template approach in which sub-micrometer microspheres are assembled on a substrate to produce colloidal crystals, followed by filling the interstitial voids with desirable materials and the selective removal of colloidal crystals templates (CCTs). 7, 8 The 3DOMs, also known as inverse opals, exhibit hierarchical skeletons in which pores, left by the removed microspheres, are arranged in a honeycomb array with interconnecting pore channels connecting twelve neighboring pores. This distinct structural feature renders the inverse opals with an excessive surface area and facile mass transport, attributes that are desirable for reactions in liquid or gas environment.
The inverse opals are recognized to be more robust mechanically over alternative nanostructured counterparts because their closepacked fcc configuration allows for uniform distribution of external stress. 9 In the literatures, a wide variety of materials including metals (Au, Ni, Ag), oxides (ZnO, SiO 2 , TiO 2 , CeO 2 ), and polymers (chitosan, PANI, PDMS) have been synthesized as inverse opals. [10] [11] [12] [13] [14] [15] [16] [17] [18] Among them, the Ni inverse opals have received the most scrutiny due to their chemical inertness and electrical conductivity. To date, the use of Ni inverse opals has been explored in water electrolysis, supercapacitors, and batteries. [19] [20] [21] Despite the Ni inverse opals have demonstrated impressive behaviors in transient responses and even in limited durability/lifetime studies, from practical device consideration, it is necessary to further improve its mechanical strength to meet more stringent operation conditions.
Conventional metallurgical strategies to improve the mechanical strength of metals entail solid solution alloying, reduction of grain size, and strain hardening. 22 Apparently, the strain hardening is not applicable as it would fracture the inverse opals into broken pieces. In addition, the opportunity for grain size reduction is expected to be rather limited because the thickness of inverse opals skeletons is in nanometer range, so further size reduction is very unlikely. As a result, we realize that the only feasible route to improve the mechanical strength of Ni inverse opals is via the solid solution alloying. Previously, Bakhit et al. reported that the addition of Co in bulk solid Ni improved its mechanical strength due to grain size reduction and solid solution alloying. 23 In addition, Zamani et al. observed that with increasing Co content in Ni-Co alloy coatings, the (111) texture was developed progressively with smaller grain size. 24 In practice, the Ni-Co alloy could be electrodeposited and the resulting composition is varied contingent on plating variables such as bath concentration, pH value, and current density. [25] [26] [27] Therefore, we rationalize that a conformal Ni-Co electrodeposition on the skeletons of Ni inverse opals, followed by a mild heat treatment to obtain surface-alloyed Ni inverse opals, is likely to increase the mechanical strength of Ni inverse opals considerably.
Earlier, in our laboratory we have developed a facile process to produce large-area CCTs with superb surface uniformity and significantly reduced crystallographic defects by carrying out electrophoresis of polystyrene (PS) microspheres with optimized processing parameters. [28] [29] [30] In addition, we have demonstrated the fabrication of free-standing inverse opals in Au and Ni. 31, 32 In this work, we report our recent progress in the fabrication of mechanically robust surface-alloyed Ni inverse opals with 173%-220% and 72%-79% improvement in hardness and reduced elastic modulus over those of pristine counterparts.
Experimental
Construction of CCTs.-PS microspheres with an average diameter of 820 nm were synthesized via an emulsifier-free emulsion polymerization process. First, 1 L of deionized water was deoxygenated under N 2 at 65°C for 12 h in a reactor equipped with a bladed pitched paddle impeller. Then 160 g styrene (99 wt%, Sigma-Aldrich), 0.005 g sodium 4-styrenesulfonate (90 wt%, Alfa Aesar), and 0.2 g potassium bicarbonate (99 wt%, J. T. Baker) were mixed to form a homogeneous solution. Subsequently, 0.4 g potassium persulfate (99 wt%, Sigma-Aldrich) was added as an initiator, and the solution was stirred at 370 rpm for 16 h at 60°C. Lastly, the mixture was heated at 65°C to evaporate residual solvent, and the remaining white powder was mixed in anhydrous ethanol and sonicated for 24 h to form a PS colloidal suspension in 0.5 wt%. The CCTs were prepared by a vertical electrophoresis method, with a 2 × 2 cm 2 ITO as the working electrode and a 6 × 6 cm 2 stainless z E-mail: ppwu@mail.nctu.edu.tw *Electrochemical Society Member. steel as the counter electrode. The distance between these two electrodes was 1 cm. At 10°C and 6 V cm −1 , those PS microspheres were driven toward the working electrode and self-assembled into a highly-ordered close-packed structure serving as the CCTs. Afterward, the CCTs were placed in an oven at 90°C in air for 48 h. A three-electrode cell was adopted in which a 2 × 2 cm 2 Ni inverse opals was served as the working electrode, a 4 × 4 cm 2 Pt foil was used as the counter electrode, and a Ag/AgCl was employed as the reference electrode. After plating, an annealing step was imposed at 300°C for 6 h in Ar to initiate the interdiffusion of freshly-deposited Co-Ni and Ni inverse opals underneath so the desirable surface alloying was achieved for improved mechanical strength.
Preparation of
Materials characterization.-A scanning electron microscope (SEM; Hitachi SU-8010) was utilized to observe the morphology of the CCTs and Ni inverse opals. The atomic percentage of Co and Ni was determined by an energy dispersive X-ray spectroscopy (EDS; HORIBA X-max) equipped on the SEM; in each analysis, five data points were randomly selected for average. An X-ray diffractometer (XRD; Bruker AXS, D2 phaser) with a Cu Kα radiation (λ = 1.5418 Å) was employed to obtain the diffraction patterns in which the preferred orientation and grain sizes estimated by Scherrer's equation were determined. The nano-indentation tests were conducted by Bruker's Hysitron TI 980 TriboIndenter with a Berkovich diamond indenter tip. The load was steadily increased to the maximum load of 10 mN and decreased to 0 mN at rate of 1 mN s −1 . Under this load, the penetration depth was kept below 1/5 of the corresponding film thickness to minimize substrate interference. At least ten measurements were conducted for each sample and the hardness and reduced elastic modulus were reported. We investigated the magnetic properties of our samples and the resulting magnetic hysteresis loops were obtained by a vibrating sample magnetometer (VSM) at 25°C for both in-plane and out-ofplane directions.
Results and Discussion
By optimizing relevant processing parameters such as PS colloidal sizes, surface charges, pH of colloid suspension, temperature, and electric field, we have demonstrated the fabrication of large-area CCTs reproducibly. Figure 1a exhibits the SEM crosssectional image of CCTs confirming the impressive surface uniformity and desirable fcc arrangement of close-packed PS microspheres in a long-range order. It is noted that the height of the CCTs was 14 μm, which corresponded to 22 layers of colloidal crystals. Fig. 2a , the cross-sectional SEM image confirmed the formation of honeycomb structure where individual pores were positioned in a hexagonal configuration. The top view in Fig. 2b provided a convincing evidence of large pores in a close-packed array with interconnected channels connecting neighboring pores. The inverse opaline skeletons appeared rather smooth, and the pores were in spherical shape with circular pore channels at the bottom. Notably, the diameter for the pore channel was approximately 1/4 to that of large pores. The presence of pore channels was caused by the fact that in the CCTs, those PS microspheres were in direct physical contact with their twelve neighboring microspheres, and consequently, during plating the electrolyte was unable to infiltrate, and the contact area became the pore channels connecting neighboring large pores after Ni electrodeposition. Due to the geometric contour of the inverse opals, the thickness of the inverse opals skeletons varies depending on the exact location. In our case, the thickness of inverse opals skeletons was between 80 and 340 nm. In addition, the height for the Ni inverse opals was 7.4 μm, which corresponded to 10 inverse opaline layers. It is noted that we kept the height below that of CCTs (14 μm) to avoid overplating atop the CCTs.
In our attempt to deposit a conformal Ni-Co layer on the Ni inverse opals, we observed that a straightforward potentiostatic mode failed to produce the desirable coating because it often ended up depositing a thick Ni-Co layer on the external surface of the Ni inverse opals. We surmised that this surface overplating phenomenon was caused by preferential nucleation and growth on the outmost surface of inverse opals, and as a result, electrolyte infiltration to the bottom was largely inhibited. To alleviate this problem, we conducted the Ni-Co plating in a CV mode where the potential was scanned between −0.3 and −1.3 V (the −0.3 V was chosen to avoid anodic oxidation of the Ni skeletons). The resulting current responses for three CV cycles are displayed in Fig. 3 . As shown, the cathodic current was increased considerably with increasing negative potential, suggesting that the plating of Ni-Co was occurring on the Ni inverse opals as expected. During the first CV cycle, apparently the current during the reverse scan was greater than that of forward scan, a phenomenon known as the "nucleation loop." 33 The "nucleation loop" is often observed when the electrodeposition of metal is conducted on a foreign substrate, during which an overpotential is required for the nucleation step, followed by the growth taking place at the characteristic redox potential. This often leads to a crossover CV pattern during the reverse scan. For the CV profiles of second and third CV scans, their current responses were rather similar in both anodic and cathodic directions, suggesting that the predominant process was the growth of Ni-Co deposit.
In our experiments, we noticed that a single CV cycle was unable to form the desirable conformal Ni-Co coating on the Ni inverse opals skeletons. However, for CV scans above three cycles, we witnessed obvious overplating on the external surface. Therefore, we selected the CV scans of two and three cycles to prepare our samples. In following paragraphs, we denote the Ni inverse opals with Ni-Co conformal coating for two and three cycles to be Ni@Ni-Co (2 C) and Ni@Ni-Co (3 C), respectively. Figure 4 exhibits the SEM images of as-deposited Ni@Ni-Co (2 C) and Ni@Ni-Co (3 C). Obviously, both samples revealed conformal Ni-Co deposition on the Ni inverse opals skeletons, and these samples showed rougher surfaces and thicker skeletons, as well as smaller pores with narrower pore channels. From these SEM images, we determined their respective pore size was 721 (2 C) and 690 nm (3 C), and the corresponding pore channel diameter was 84 (2 C) and 65 nm (3 C), respectively. In addition, we estimated the thickness of the conformal Ni-Co coating to be 45 (2 C) and 64 nm (3 C). By EDS analysis, the atomic ratio of the Co content in Ni@Ni-Co (2 C) and Ni@Ni-Co (3 C) inverse opals was 8.21 and 14.96%, respectively. We want to point out that during the conformal coating of Ni-Co layer, indeed some of the interconnected pores might be blocked due to uneven plating rate in our samples. However, in following analysis of mechanical properties, we took this factor into consideration by normalizing the mechanical properties according to their average skeleton thickness. Figure 5 displays the cross-sectional SEM images for annealed samples of a) Ni@Ni-Co (2 C) and b) Ni@Ni-Co (3 C), respectively. Apparently, the morphologies and microstructures of the annealed inverse opals were rather similar to those pristine samples without experiencing annealing treatment. In the literatures, the interdiffusion of Ni and Co was often carried out at 1,000°C for several hours as the melting point of Ni and Co is 1,455 and 1,495°C, respectively. In our case, due to the thermal stability of ITO substrate, the annealing step was limited at 300°C for 6 h. At first glance, this temperature was relatively subdued for a typical thermal treatment for alloying purpose. However, considering the thickness of the Ni-Co coating (∼55 nm) and the Ni inverse opals skeletons (∼60 to 340 nm), a minor interdiffusion of Ni and Co was still possible in limited range as both grain boundary diffusion and free surface diffusion were anticipated to play a larger role in such nanometer dimension. Figure 6 provides the XRD patterns for inverse opals of Ni, Ni@Ni-Co (2 C), annealed Ni@Ni-Co (2 C), Ni@Ni-Co (3 C), and annealed Ni@Ni-Co (3 C), as well as the standard JCPDS of Ni (04-0850) and Co . According to the binary Ni-Co phase diagram, the Ni-Co alloy forms a single α phase solid solution with a fcc structure when the Ni concentration is above 36 wt% at room temperature. 34 Therefore, as expected, all these XRD patterns revealed a crystalline fcc Ni phase with characteristic (111) and (200) diffraction peaks because the Ni was the predominant constituent in our samples. It is noted that the atomic number of Co and Ni is 27 and 28, respectively. In addition, both elements adopt crystalline fcc phase. Because their atomic sizes are rather close, the resulting XRD diffraction patterns become indistinguishable. In our samples, the inverse opaline skeletons are consisted of Ni so the XRD diffraction pattern is dominated by Ni signals.
From the planar Ni film plated from the same electrolyte, the intensity ratio of (111)/(200) was merely 0.375. 35 However, for the Ni inverse opals in this work, the (111)/(200) intensity ratio was increased to 1.99, as listed in Table I . Interestingly, after the conformal coating of Ni-Co and subsequent annealing treatment, the resulting (111)/(200) intensity ratios became even larger. This clear shift of the strongest diffraction signal was attributed to the space-confinement effect that favored the growth of (111) plane. It is noted that in an ideal isotropic Ni (JCPDS: 04-0850), the (111)/ (200) intensity ratio is 2.38, a value that is relatively small as compared to our samples. Therefore, we concluded that the inverse opals skeletons, due to the limited space, favored the growth of (111) planes. This is encouraging because our earlier experiment indicated that a stronger (111) signal was indicative of stronger mechanical strength. 32 The atomic size of Co and Ni is 1.52 and 1.49 Å, respectively. Therefore, the complete alloying of Co in the Ni is anticipated to cause a slight expansion in the Ni lattice and thus renders corresponding diffraction peaks to smaller angles. However, in our case, we did not observe any noticeable shift of the diffraction peaks despite an annealing treatment was performed to promote the interdiffusion of Ni and Co. This suggested that the alloying process was on the surface exclusively. The grain sizes in these samples were determined by Scherrer's equation using the (111) diffraction peak, and the results are provided in Table I . As listed, all these samples showed similar grain sizes in 37 ∼ 41 nm. It seems that the annealing step was exerting negligible effect on the resulting grain sizes because there was limited available space in the inverse opals skeletons. Figure 7 displays the load-displacement profiles of our samples. These loading and unloading curves allowed us to determine their respective hardness (H) and reduced elastic modulus (E r ) using the Oliver-Pharr relations listed below 36 ;
where the A is the projected area of the elastic contact, the h c is the contact depth, the P max is the maximum load upon loading, and the dP dh is the experimental stiffness of the unloading data. In general, these load-displacement profiles were rather similar and our samples demonstrated sufficient mechanical strength to endure the indentation without suffering from any macroscopic fracturing. However, it is noted that in our nano-indentation experiments, a Berkovich-type indenter tip was used. This Berkovich-type indenter is known to engender moderate plastic deformation during the very early stage of indentation experiment. Therefore, after the nano-indentation tests, it was anticipated to have localized microscopic permanent damage on the inverse opaline skeletons. Figure 8 displays the resulting hardness and reduced elastic modulus for our samples. As shown, the Ni inverse opals revealed hardness of 0.39 GPa and reduced elastic modulus of 35.05 GPa. After the conformal coating of Ni-Co, there appeared notable improvements in both hardness and reduced elastic modulus. For as-deposited Ni@Ni-Co (2 C) and Ni@Ni-Co (3 C), their respective hardness and reduced elastic modulus were raised to 1.06 and 60.32 GPa, and 1.25 and 62.61 GPa, respectively. This stands for a respectable enhancement of 172 and 220% in hardness and 72 and 79% in reduced elastic modulus. Interestingly, after the annealing treatment, there appeared a divergent pattern in which the reduced elastic modulus was decreased to some degrees (41 and 34% for (2 C) and (3 C) samples) but the hardness was still increased further (182 and 231% for (2 C) and (3 C) samples). This trend is somewhat unexpected because conventional metallurgy would predict unchanged reduced elastic modulus but the hardness is improved due to better structural integrity to resist deformation and fracture. In our samples, we rationalized that the interdiffusion was occurring exclusively at the surface so the hardness was enhanced after the heat treatment. However, according to Table I , the size of the grains was increased barely so the expected softening was rather limited.
An alternative possibility for the improved mechanical strength after conformal Ni-Co coating on the Ni inverse opals is attributed to the thickening of inverse opals skeletons. It is understood that after conformal Ni-Co deposition, the solid volume percentage of Ni inverse opals was increased for greater load-bearing ability. As a result, the hardness was likely to increase to some extents as compared to those of pristine Ni inverse opals. Earlier, Pikul et al. explored coating of Re and Ni on Ni inverse opals, and reported substantial improvement in mechanical strength due to increased solid volume percentage. 37 From SEM images, the solid volume percentage of Ni, Ni@Ni-Co (2 C), and Ni@Ni-Co (3 C) inverse opals was 0.19, 0.4, and 0.47, according to an estimation method suggested by Pikul et al. 37 This amounted to an increment of 110 and 156% for Ni@Ni-Co (2 C) and Ni@Ni-Co (3 C). Since the thickness of the pristine Ni inverse opals skeletons remained unchanged after annealing treatment, the solid volume percentage of our samples after annealing was kept constant. Notably, the enhanced increment in the solid volume percentage (110 and 156%) was smaller than those of hardness (172 and 220%) from indentation measurements. Thus, the surface alloying effect was still effective in improving the mechanical strength. At this stage, we surmised that surface alloying effect, increased solid volume percentage, and an improved (111)/ (200) diffraction ratio were responsible for the enhanced mechanical strength.
Of course, there are other minor possibilities which might lead to the improved mechanical strength. For example, it is noted that the grain boundaries in CCTs became the solid supporting component in inverse opals, and therefore were expected to contribute to the mechanical strength. However, in this work, we focused on the deposition of Co-Ni conformal coating on the Ni inverse opaline skeletons with different thickness, and identical CCTs were used throughout our experiments. Therefore, the effect of grain boundaries on the mechanical strength was not expected to be a significant factor. In order to investigate the effect of grain boundaries on the mechanical properties, it is necessary to fabricate CCTs with controlled variation of the grain boundary thickness so a correlation with the resulting mechanical strength could be identified. Another possibility is the released stress after heat treatment. However, considering the compositional and structural factors we studied in this work, the released stress is expected to be a relatively insignificant factor. Figure 9 displays the magnetic hysteresis loops for planar Ni film, as well as inverse opals of Ni and Ni@Ni-Co (3 C), respectively. The planar Ni film was prepared using identical Ni plating bath and processing condition for Ni inverse opals. As shown, the planar Ni film exhibited in-plane magnetic anisotropy (IMA) but its IMA strength was significantly weakened as compared to that of Ni inverse opals, in which the difference between the inplane and out-of-plane hysteresis was reduced notably. This is perhaps because the IMA for planar Ni film was degraded during the formation of inverse opaline structure. In addition, we noticed that for inverse opals of Ni@Ni-Co (3 C), its hysteresis appeared similar to that of Ni inverse opals. This suggested that the inverse opaline skeletons played a dominant role in determining the magnetic properties of the deposited Ni-Co layer.
Conclusions
We demonstrated the fabrication of surface-alloyed Ni inverse opals by electroplating a conformal Ni-Co layer on the skeletons of the Ni inverse opals. For the Ni@Ni-Co samples, the hardness and reduced elastic modulus were substantially increased over those of pristine Ni inverse opals. The finite thickness of the Ni inverse opals skeletons engendered the preferential growth of the (111) plane, leading to a greater (111)/(200) ratio. We believed that the combined effect of solid solution alloying on the surface of the Ni inverse opals, thickening of inverse opals skeletons for greater load bearing, and the predominant presence of (111) plane was responsible for the improved mechanical strength.
